SUMMARY Proliferating nonmyocardial cells (NMCs) complicate primary heart cultures and may influence myocardial cell (MC) differentiation. In cultures from the day-old rat ventricle, we validated a method to arrest this proliferation; and we quantitated cross-striated cells and the chronotropic response to isoproterenol to assess MC differentiation. MCs were cultured at single cell density using an improved method. By 4 days, all cells could be identified as MCs or NMCs. In cultures treated for 3 days with bromodeoxyuridine (BrdU), 0.1 miw, serial cell counts were unchanged through 11 days. Among 50,000 cells from 110 cultures, 75-80% were MCs. In control cultures without BrdU, NMC density was 3-and 6-fold that in BrdU-treated cultures at days 5 and 8, respectively (P < 0.01), although the MCs were not overgrown. The MCs did not proliferate in either culture. The proportion of living MCs with cross-striations was similar in treated and control cultures at day 5 (72.6% vs. 69.9%, P > 0.05) but was lower in controls at day 8 (86.3% vs. 50.4%, P < 0.01). A sensitive (ED 50 10-100 pM), specific chronotropic response to L-isoproterenol was present in both treated and control cultures, but the maximum response was only 20-30% as great in controls on days 4 and 8 (P < 0.01). Baseline beating rates were the same. The MCs had well-differentiated ultrastructure, including a T system. By autoradiography, a maximum 18.4% of MCs had nuclear incorporation of 3 H-BrdU at day 8. Media conditioned by NMCs or by the control cultures did not change the cross-striations or isoproterenol response of BrdU-treated cultures. Thus, in a new culture preparation with few and stable NMCs, morphological and functional MC characteristics were different from those of MCs in cultures with proliferating NMCs. We suggest that an MC-NMC interaction can alter MC properties and that this effect should be considered in studies of primary rat heart cultures. The pure, stable, well-differentiated MCs in BrdUtreated cultures will be useful for studying MC growth, repair, and other time-dependent phenomena.
teristic of the normal, mature heart and limits the relevance of the culture model. In addition, because the cultures are unstable, they generally must be used within a few days after plating and are poorly suited for studying time-dependent changes in the MCs. Furthermore, the NMCs contribute distinctive properties which may be confused with those of the MCs, including myosin (Coetzee and Gevers, 1978) , creatine kinase ( Van der Laarse et al., 1979) , and catecholamine-responsive adenyl cyclase (Clark et al., 1977) . For example, an increase in nonmyocardial creatine kinase with NMC proliferation may be misinterpreted as dedifferentiation of the MCs (Van der Laarse et al., 1979) . Finally, and more difficult to assess, is a possible direct effect of NMCs on MC differentiation. In cultures with more NMCs, the MCs may have slower beating rates, less negative membrane potentials, and slower action potential upstroke velocities (Hyde et al., 1969; Lompre et al., 1979; Jourdan, 1980) , effects that could be mediated by electrical coupling between the two types of cells. Advanced morphological and functional MC differentiation has been infrequently shown (Sperelakis, 1978; Robinson and Legato, 1980) , but NMC alteration of MC differentiation has not been systematically evaluated.
Various culture modifications have been tried to inhibit NMC proliferation, including drugs (Coetzee et al., 1977; Coetzee and Gevers, 1978) , radiation (Desmond and Harary, 1972) , glutamine deprivation (Clark, 1976) , and manipulation of the quantity or character of the serum or plasma supplementation (Clark et al., 1977; Jones et al., 1978; Van der Laarse et al., 1979) . In no case has arrest of proliferation over several days and absence of MC toxicity been documented by counts of MCs and NMCs. In addition, differentiation in treated vs. control cultures has often been assessed by biochemical markers, such as creatine kinase (Van der Laarse et al., 1979) , that may reflect either increased MC differentiation or a relatively increased proportion of MCs.
We assessed MC differentiation in stable and proliferating cultures from the day-old rat ventricle. We used single cell cultures and validated by serial counts the use of bromodeoxyuridine (BrdU) to prevent NMC proliferation without MC toxicity. MC differentiation was measured by cross-striations in living cells and the specific chronotropic response to isoproterenol. Ultrastructure was examined, and incorporation of 3 H-BrdU was estimated by autoradiography. Our results support the hypothesis that NMCs can alter MC differentiation, an effect that is not explained by direct overgrowth or by modification of the culture medium.
Methods

Cell Culture
In preliminary experiments, we examined several variations of the method used by many investigators (for example, Kasten, 1972) . Reproducible single cell cultures were obtained by the following procedure. A single litter of day-old rats (Charles River or Simonsen) was used for each experiment. The pups were given heparin, 100 units, ip, and the hearts were quickly removed into chilled dissociation buffer (pH 7.5), containing (mM): NaCl, 137; KC1, 5.36; MgSO 4 -7H 2 O, 0.81; dextrose, 5.55; KH2PO4, 0.44; Na 2 HPO4-7H 2 O, 0.34; and Hepes, 20; plus penicillin 50 U/ml and streptomycin 50 jug/ml. The ventricles were cut into 1-to 2-mm cubes and dissociated by alternating treatments at 24 °C with (1) 0.1% trypsin plus 0.002% DNase in dissociation buffer for 5 minutes at 100 rpm (25-ml spinner flask, Belco); and (2) 2% calf serum in dissociation buffer for 1-2 minutes with gentle pipetting. Cells from the first two combined treatments were discarded, and the sequence was repeated until all tissue was dissociated (about 10 times). Freed cells were collected in cold culture medium (see below) with 0.5% calf serum and 0.002% DNase, centrifuged (0°C, 433 g, 10 minutes), wash' d in the same medium, strained (20 mesh stainless steel screen, Belco), and incubated in culture medium with 0.5% calf serum in three 100-mm culture dishes (Falcon) at 37°C in humidified air with 1% CO 2 . During this preplating, the NMCs more rapidly attach to the dish surface, leaving the MCs in suspension (Hyde et al., 1969) . Under our conditions, a single 30-minute period provided the best separation. An aliquot of the nonattached cells was counted (hemocytometer) in quadruplicate in 0.4% trypan blue; and 1 ml of cells in culture medium with 5% calf serum and 0.1 mM BrdU was plated in prewetted 35-mm culture dishes (Falcon) at 220-300 trypan blue-negative cells per mm 2 . After 6 hours of incubation, nonattached cells were discarded. Longer plating times increased debris but not MC yield. Eighteen hours later, at the end of day 1, the cultures were washed with phosphate-buffered saline (PBS) (pH 7.3) containing 5.5 mM glucose. One ml of culture medium with 5% calf serum was renewed at this time and every 3rd day thereafter. In early experiments, BrdU was present continuously; in later studies, it was omitted after day 3.
The culture medium was medium 199 with Hanks' salts (4.17 mM NaHCO 3 ), supplemented with CuSO 4 -5H 2 O, 0.12 JUM; ZnSO 4 -7H 2 O, 0.10 JUM; vitamin Bi 2 , 1.5 fiM; and penicillin, 50 U/ml. CO 2 was adjusted (about 1%) to maintain pH 7.3. Final medium osmolarity with 5% calf serum was 300 mOsm. BrdU was added from a 10 mM stock solution in water.
For examination of cells by differential interference contrast (DIC) microscopy, cultures were grown on glass coverslips prepared as follows. Twenty-five mm diameter, #l'/ 2 Gold Seal coverslips were rinsed in isopropanol and sterilized under UV light in 100-mm culture dishes. These dishes were used for preplating. After the NMCs had grown to confluence, they were removed with 1% Triton X-100 in PBS at 24 °C under sterile conditions. These "conditioned" coverslips were stored in 35-mm dishes in PBS at 0°C and were used in subsequent experiments.
Homogeneous cultures of NMCs were obtained as follows. Cells in the preplates were detached by scraping with a rubber policeman, then allowed to reattach for 30 minutes at 37°C. After four repetitions of this procedure, the cells were distributed into 35-mm dishes and maintained in the same manner as the MC-enriched cultures.
Conditioned medium was collected at the time of feeding on days 4, 7, and 10 from dishes without cells (control), dishes with only NMCs, and dishes from MC-enriched cultures not given BrdU. The media were filtered (0.22-jum pore size) and frozen until use in subsequent experiments.
In addition to BrdU, we tested several other methods for inhibiting cell proliferation: cis-hydroxy-L-proline; adenosine; thymidine; substitution of D-valine for L-valine; and serum deprivation, dialyzed serum, y globulin-free serum, and plasma. NMC proliferation was not completely inhibited under any of these conditions. In addition, MCs grown in very low serum were shrunken and deformed.
Light Microscopy
We used a Zeiss IM 35 inverted microscope with a Contax RTS 35-mm camera. Cultures were routinely observed at 400x and photographed at 128x with a Zeiss Achromat 40/0.75 phase contrast, water immersion objective. Glass coverslips were mounted in a Dvorak-Stotler controlled environment culture system (Nicholson Precision Instruments, Inc.); these cells were photographed (final 202x) with a Zeiss Planapochromat 63/1-4 phase/ DIC, oil immersion objective. The film was Kodak 2415 exposed at ASA 166 and developed in an Xomat processor (Kodak) used according to the standard procedure for x-rays. All light micrographs are of living cells photographed at 24 °C during an interval between beats.
MC surface area was estimated by planimetry of cells on enlarged photomicrographs calibrated with a stage micrometer. The total surface area in fim 2 was obtained by doubling the measured area, to account for the surface in contact with the dish. This area must be considered a minimal apparent surface area, because we did not account for depth or surface irregularities. We did use the narrow depth of focus with DIC to estimate cell depth. The microscrope fine focus was calibrated with particle standards (4-5 and 12-13 ^m, Polysciences, Inc.). Cell depth in firn was obtained by noting the number of fine focus divisions between in-focus on the glass surface and in-focus on the top of the cell.
For autoradiography, culture medium was supplemented from plating through day 3 with ! HBrdU, 4jitCi/ml, with or without nonlabeled BrdU, 0.1 mM. At 5 and 8 days, cells were washed 10 times, using PBS with 0.1% bovine serum albumin, and fixed with buffered neutral formalin. The dishes were coated with NTB-2 (Kodak) and exposed for 7 to 14 days prior to development. The autoradiograms were examined unstained, and 2000 cells were scored for the presence or absence of nuclear labeling.
Day-old source ventricles were fixed, sectioned, stained with PTAH, and examined for cross-striations.
Electron Microscopy
Cultures were rinsed with PBS; fixed for 1 hour at 24 °C in 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2), postfixed for 30 minutes at 24 °C in 1% OsO 4 in sodium cacodylate, and dehydrated through graded alcohols. After VA hours in a 1:1 mixture of alcohol: Epon, overnight in 100% Epon at 24°C, and 48 hours in fresh Epon at 60°C, the Epon disc containing the cell layer was separated from the dish using liquid nitrogen, and areas of interest were cut out and mounted. Thin sections (800 A) were cut en face using a Porter-Blum MT-2 ultramicrotome, mounted on 200-400 mesh parlodion-coated copper grids, stained with uranyl acetate and lead citrate, and examined with a Phillips 201 electron microscope.
Cell Counts
All cells were counted in 25 randomly selected fields across the entire dish. Each field included 0.159 mm 2 surface area; therefore 0.5% of the total 800 mm 2 was examined. The mean number of each type cell was calculated per mm 2 surface area. The reproducibility and accuracy of these cell counts were as follows. First, for dishes counted repeatedly on the same day, the variation in the mean number of MCs was less than 10%. For NMCs, the variation was less than 20%, and for dead cells, less than 30%-this larger variation reflecting the small number of dead cells in any culture. Second, in a culture in which 1000 fields were studied, the mean counts after only 15 fields were the same as the final means. Finally, in three dishes at 8 days, total cell number was estimated by counting 25 fields in each dish; cells were removed with 0.1% trypsin, combined, and counted in a hemocytometer. Total cell counts by the two methods agreed within 2.5%. We quantitated MC morphological differentiation by determining the proportion of living MCs containing cross-striations, alternating dark and light bands in parallel, as observed by phase contrast. The same cultures were studied successively on days 5, 8, and 11. At least 2000 cells in randomly selected fields were counted each day. Counts on cultures stained with PTAH did not differ from the counts prior to staining.
Response to Isoproterenol
Cells were rinsed and incubated in 1 ml of culture medium with 5% calf serum, no bicarbonate or BrdU, and additional vitamin C (0.1 mM final) to retard oxidation of isoproterenol. The pH was adjusted to 7.3 and did not change during the experiments. The microscope stage was maintained at 37°C. Drugs were kept frozen as 10~2 M stock solutions in 10~3 M HC1 and were freshly diluted in incubation medium without calf serum on the day of use. After a 10-minute stabilization period, the beating rate of a single field of cells was recorded with a hand counter during alternate 30-second intervals. The baseline rate was determined for 5 minutes and never varied more than 10% (usually less than 5%). A 20-/J pulse of drug solution was added approximately 2 mm from the cells under observation. Beginning 15 seconds after drug addition, counting was resumed for alternate 30-second intervals. The peak rate during the first or second minute after isoproterenol was compared with the average rate before the drug, and a percent change was calculated. In the Results, no correction has been made for dilution; that is, the concentrations given are those in the 20-jul pulse, although the dose reaching the cells was probably lower (maximum 50-fold dilution at equilibration). In comparison experiments, control and treated cells were tested alternately.
Materials
Sources were as follows: calf serum and medium 199 from Gibco; crude trypsin 1:250 from Difco; Hepes from Calbiochem; DL-propranolol HC1 from Ayerst; L-isoproterenol HC1, D-isoproterenol-D-bitartrate, 5-bromo-2'-deoxyuridine, and crude DNase I from Sigma; 3 H-BrdU (40 Ci/mM) from Amersham; glutaraldehyde from Polysciences, Inc.; OsO 4 , from Electron Microcopy Sciences; and Epon 812, from Ted Pella, Inc.
Statistical Methods
Data shown are the mean ± SE with the number of observations in parentheses. Student's paired ttest was used for cell counts on the same dishes on two successive days, and the unpaired £-test was used to compare cell counts, beating rates, and isoproterenol responses in BrdU-treated vs. control cultures. Analysis of variance and the StudentNewman-Keuls test were employed for the multigroup comparisons in the conditioned media experiments (Zar, 1974) . Differences in proportions of MCs with cross-striations were analyzed by x 2 -The data on initial plating density vs. MC density at day 5 and on percent NMCs vs. MC density at days 5, 8, and 11 were studied by linear regression analysis.
Results
General Features of BrdU-Treated Cultures
The dissociation yielded an average 1.4 X 10 6 cells per heart, 72% viable by trypan blue exclusion. The preplates contained very few MCs, about 5-10% of the total MC yield determined at day 5. At the end of the 6-hour plating period, many of the cells were round. The cells spread over the first day, developed their characteristic morphology by day 3 or 4, and changed little over the next week. They were arranged in loose and interlacing networks of single cells. From the data on cell size and number (see below), we calculate that less than 50% of the culture dish surface was covered by cells at day 11. MCs and NMCs could be identified easily (Figs. 1 and 2). MCs were distinguished by a coarse, granular cytoplasm with numerous dense, pleomorphic inclusions (mitochondria). Most of the cells (Tables  2 and 3) had prominent cross-striations. The nucleus was small, round, and dense and usually contained only one nucleolus. About 10% of the cells were apparently binucleate at day 8. All morphological MCs beat spontaneously at 40-120 per minute (37°C); at 24°C the rate was as low as 5 per minute. Beating rates were often asynchronous in different areas, suggesting absence of electrical coupling between the networks. MC surface area in jum 2 increased from about 2000 at day 4 to 5000 at day 11. MC depth was about 2-3 jum at 6-8 days and was similar at the center and near the cell edge. In sections from the day-old rat ventricle, the MCs were elongated and cross-striated (not shown).
The NMCs could be readily distinguished, whether or not the MCs contained striations (Figs. 1 and 2). The NMCs were irregularly shaped with a thin, phase-lucent cytoplasm with inclusions usually clustered near the nucleus. The nucleus was distinctively larger, less dense, and more oval than that of the MCs and often had two or more nucleoli. The morphological NMCs did not beat, but they did migrate, as demonstrated by serial photography of identified fields. The NMCs have not been rigorously identified and have been referred to simply as mesenchymal cells (Balk, 1980) .
The characteristics of the cells in our cultures were very similar to those described by Kasten (1972) and Mark and Strasser (1966) , except that most of our MCs had cross-striations. Each culture also contained a small number of dead cells, defined by a granular cytoplasm and pyknotic nucleus.
Cell Counts in BrdU-Treated Cultures
Because the cultures were composed of networks of single cells, rather than a confluent layer, it was possible to document the effects of BrdU by counting cells in situ. Cell bodies were enumerated, not nuclei, and where MCs were joined by an intercalated disc (Fig. 1) , two cells were counted. Fifteen dishes from five experiments were counted successively on days 5, 8, and 11 after plating. This period was studied because cell identification was unequivocal by 4 days, and there was little change in cell appearance over the next week. MC distribution across the dishes was reasonably even, with standard deviations an average 33% of the mean counts of 25 fields. As shown in Table 1 , mean MC density did not change. For any single culture, the variation in MC number from day 5 to 8 or day 8 to 11 was within the counting error and averaged 1.0%. Dead cells comprised a small and constant part of the cell population. Between days 5 and 8 there was a small (7%) but significant decrease in total cell density, entirely attributable to a decrease in NMC number. Since there was no proportionate increase in the number of dead cells, we assume that the missing NMCs detached and were removed with medium replacement. NMC proliferation was not enhanced when MCs were present at low density, as has been reported in typical heart cultures (Blondel et al., 1971) . There was a negligible correlation between percent NMCs and MC density (r = 0.115, 0.046, and 0.155 at days 5, 8, and 11, respectively, all P > 0.05). For the entire period from day 5 to 11, the Table  2 ). NMC number did not decrease if BrdU was omitted after day 3.
FIGURE 1 A, B: Cells from BrdUtreated cultures at 8 days, by phase contrast (A) and DIC (B). In A, the light H bands bisect the dark A bands (arrowheads); in B, the H bands appear as the more narrow depressions; the wider depressions are the I bands. The intercalated disc (arrows) is dark in
When MC density at day 5 was less than about 50 per mm 2 , cell number decreased with time; and many of the remaining cells were shrunken and deformed. The useful upper limit of MC density was about 160 per mm 2 , beyond which it became increasingly difficult to reliably identify individual cells. As shown in Figure 3 , the density at day 5 was correlated with the total number of trypan bluenegative cells plated at day 0 (r = 0.93). Doubling of the initial plating density increased the MC density on day 5 by 3 to 4-fold. We interpret these data to reflect a "conditioning" effect; greater initial MC numbers promote MC survival (see Discussion).
The data in Tables 1 and 2 document the absence of cell proliferation between days 5 and 11. Cell proliferation during the first 5 days seemed unlikely, because the total density at day 5 was only about 40% of the plating density. To test this possibility, we counted five cultures at the end of 24 hours (spread cells only) and again at 5 days. Total cell density was 117.9 ± 4.2 at day 1 and 128.0 ± 2.1 at day 5 (P > 0.05). The small increase (8.6%) can be explained by counting error and flattening of some of the round cells still present at 24 hours. Because cell identification was not always certain early in culture, differentiatial counts were not done before 4 days.
In a few cultures counted as late as 3 weeks, there was no increase in NMC number. The MCs continued to enlarge, and 80% contained striations. Multilayered aggregates or clusters were not present.
Ultrastructure in BrdU-Treated Cultures
Electron microscopy demonstrated several features characteristic of differentiated myocardium. Sarcomere units were apparent (Figs. 4 and 5) . The narrow I band and the sarcomere length of 1.82 ± 0.02 (59) jum suggested that the cells were contracted. In most areas, myofibrils ran in parallel, with alignment of adjacent sarcomeres, as expected from the cross-striations seen by phase contrast. Possible sarcomere formation similar to that described by Legato (1970 Legato ( , 1972 was seen in many sections, either at the end of a fibril, where clumps of Z substance were surrounded by disorganized filaments and ribosomes, or within a fibril, where sarcomeres appeared to develop by elaboration of filaments in the center of a dividing Z band (Figs.  4 and 5) . A surface coat covered the cells and extended down into the invaginations of what appeared to be a T system at the level of the Z band (Fig. 6 ), although this structure might have resulted from a surface fold lined by vesicles. A probable T system was also represented by internal, surface VOL. 50, No. 1, JANUARY 1982 Values are mean ± SE. On day 4, parallel control and treated dishes (n = 6 each) were tested with isoproterenol and then counted. In separate experiments (with slightly different initial plating densities), control and treated cultures (n = 8 dishes each) were counted successively on days S, 8, and 11, as in Table 1 (controls were confluent on day 11 and were not counted). The proportions of striated MCs were determined in these dishes. In these same experiments, isoproterenol responses were measured on day 8 in 12 treated and 11 control cultures. BrdU was present only for the first 3 days in treated cultures.
* Abbreviations as in coat-covered luminae, often running parallel to the myofibrils (Fig. 5) . Both within the cell and at the surface, vesicles were fused with the T tubules, possibly reflecting formation of the T system by coalescence of the vesicles, as suggested for the intact mouse heart (Ishikawa and Yamada, 1976) . A branching network of sarcoplasmic reticulum (SR) was seen in sections tangential to a fibril (Fig.  7) . Coated dense vesicles were particularly frequent (Fig. 5 ). Microtubules and closely associated filaments were seen in the vicinity of fibrils, often extending over several sarcomere lengths (Fig. 5 ). Filaments were additionally found inserting into Z bands and intercalated discs at right angles to the contractile elements (Fig. 7) . The location and size of these filaments were consistent with intermediate filaments (Lazarides, 1980) . Fields containing portions of two MCs (Fig. 7) showed undulating intercalated discs interdigitating over several sarcomeres and containing mature gap junctions. NMCs (Fig. 8 ) contained abundant rough endoplasmic reticulum; dense bodies, filaments, or WeibelPalade bodies were not seen. Similar ultrastructure has been described by others in confluent cultures (Legato, 1972; Charbonne et al., 1977) .
Response to Isoproterenol in BrdU-Treated Cultures
The baseline rate was 57.2 ± 2.6 (163) beats/min at 37°C. The change in baseline rate was less than 5% after 20-/J pulses of the following control solutions: incubation medium, incubation medium with dilute HC1, D-isoproterenol, 10~8 M, or DL-propranolol, 10~8 M (4-12 dishes for each). Only L-isoproterenol increased rate, and this increase was inhibited by propranolol (Fig. 9A) but not solvent. The response to isoproterenol was maximal during the 1st or 2nd minute after drug addition. Rate gradually returned to control over the next 3-4 minutes. The dose-response relationship was determined in 8-day cultures, both for isoproterenol alone and for isoproterenol given 3 to 5 minutes after propranolol, 10~'41 or 1(T 8 M. Each dish was tested once only. As shown in Figure 9A , beating rate increased 36% after 10" l2 M isoproterenol; the EDgo was between 10" 10 and 10~" M. Prior application of propranolol shifted the relationship to the right.
Comparison with Control Cultures
Having shown that cell proliferation did not occur in BrdU-treated cultures and having quanti- tated morphological and functional MC differentiation by our criteria, we asked whether BrdU had arrested division of both MCs and NMCs, and whether MC differentiation was altered in proliferating cultures.
Cell counts, the proportion of striated cells, and the response to isoproterenol were compared in a series of experiments in which control and BrdUtreated cultures with identical plating densities were prepared and studied in parallel. In five cultures each, the proportion of the original inoculum attached at day 1 was identical (39% treated, 37% control). Whereas the total cell density in BrdUtreated cultures did not change between days 1 and 5 (data presented earlier), total cells almost doubled in controls (110.6 ± 1.9 to 205.0 ± 5.8, P < 0.01). In control as in treated cultures, MCs could be readily identified by beating and the previously described morphological criteria, even when they lacked striations (Fig. 2B ). As shown in Table 2 , there were no differences in MC densities in the two groups of cultures at days 4, 5, or 8; and no increases between days 5 and 8 in either culture. Therefore, there was no evidence for MC proliferation through day 8, even in the absence of BrdU. In contrast, NMC number increased in controls and was 3-fold greater than in BrdU-treated cultures at day 4 or 5, and 6-fold at day 8 (P < 0.01). About 50% of the total cells in control cultures were NMCs at day 4 or 5, and 60% at day 8. The control cultures were confluent at day 11, and individual cell counts were not reliable. At 3 weeks, the MCs in controls were overgrown.
The proportion of striated MCs (Table 2 ) was identical in control and treated cultures at day 5, indicating that BrdU was not essential for this aspect of MC differentiation in culture. Between days 5 and 8, however, the proportion of striated VOL. 50, No. 1, JANUARY 1982 MT' CDV = coated dense vesicles. 25, 000x. cells increased in treated cultures but decreased in control cultures. On day 8, the percent MCs with striations in control cultures was significantly less than the value in cultures given BrdU. Over the same interval, NMC density increased significantly in BrdU-negative cultures, but did not not change in the treated cultures in these experiments. Electron microscopy of control cells that had lost striations confirmed the absence of myofibrils in parallel alignment. Therefore, morphological differentiation as quantitated by the proportion of MCs with crossstriations was altered in control as compared with BrdU-treated cultures. This decrease in striated MCs was associated with an absolute and relative increase in NMCs, but not with physical overgrowth of the MCs (Fig. 2B) or MC proliferation.
FIGURE 5 Internal T luminae parallel to developing fibrils. Vesicles (V) fuse with the central profile. SR is closely associated. MT = microtubules with associated filaments;
The isoproterenol dose-chronotropic response relation for 8-day control cultures is shown in Figure  9B . The ED50 was similar to that found in treated cultures (about 10-100 pM), but the maximum response was considerably less. In parallel cultures (Table 2) , the maximum response (measured as the response to isoproterenol, 10~8M) was 3-to 4-fold greater in MCs from the nonproliferating cultures. There was no difference in the time course of the response. The reduction in maximum response was not explained by differences in baseline beating rates (day 4, 66.3 ± 6.0 (6) treated, 59.0 ± 3.6 (6) grown in the presence of 3 H-BrdU. In unstained autoradiograms, MCs and NMCs could be distinguished, and nuclei were either densely labeled or the same as background. In treated cultures (final 3 H-BrdU specific activity 40 /nCi/mM), only 5.0-12.1% of MCs were labeled. In control cultures in which J H-BrdU specific activity was much higher (40 Ci/mM) and the final BrdU concentration (0.1 JUM) was well below the dose needed to affect NMC counts ( control; day 8, 51.0 ± 4.3 (12) treated, 60.9 ± 4.5 (11) control, all P > 0.05). The control response was less on day 4, a time when the proportion of striated MCs was similar in the two groups (Table 2) and when beating was asynchronous in different areas, indicating that electrical coupling throughout the dishes was not present. Corticosterone has been said to inhibit nonneuronal uptake of isoproterenol (Trendelburg, 1978) . Inclusion in the incubation medium of corticosterone, 30 JUM, did not alter the isoproterenol response of control (or treated) cultures (data not shown).
H-BrdU Autoradiography
We considered the possibility that the altered differentiation in treated cultures was a direct effect of BrdU on the MCs, mediated by its insertion into DNA (Goz, 1978) . Nuclear incorportion of BrdU was estimated by autoradiography of cultures M GC SR GJ
FIGURE 7 Intercalated disc between two cells interdigitates over two sarcomere lengths and contains a welldefined gap junction (GJ). Filaments (arrows) insert into the disc and into the Z bands at right angles to the sarcomeres. GC = Golgi complex; M = mitochondria.
18.900X. VOL. 50, No. 1, JANUARY 1982 were labeled. Therefore, very few MCs were likely candidates for a direct BrdU effect. In contrast, the proportion of labeled NMCs in the same two groups of cultures ranged from 77.5 to 86.6%.
Conditioned Media Experiments
Morphological and functional differentiation as measured by MCs with cross-striations and the isoproterenol response were different in BrdUtreated and control cultures. A potential explanation for this difference was modification of the culture medium by the proliferating NMCs in the controls. Conditioned media were obtained from homogeneous NMC cultures and from BrdU-negative cultures. In both cases, cell densities were similar to those of the control cultures shown in Table  2 . BrdU-treated cultures were maintained in these media beginning on day 1 and were compared to control cultures on day 8 (Table 3) . Results with NMC-conditioned and control-conditioned media were similar and have been combined in the table. Growth in conditioned media did not eliminate the significant differences between BrdU-treated and control cultures. The proportion of striated MCs in treated cultures with conditioned media was slightly reduced, as compared with cultures grown in fresh medium (Table 2 ), but this reduction was not significant (P > 0.05) and was also noted in treated cultures with medium conditioned by empty dishes (Table 3) .
Discussion
In stable, single cell cultures, morphological and functional MC characteristics were quantitatively different from those of the MCs in culture containing proliferating NMCs. This comparison has not previously been reported.
Other studies using a variety of methods (p. 102) have not shown a similar arrest of NMC proliferation. Ara C produced stable NMC numbers, but for only 3 days (Coetzee and Gevers, 1978) . Among the few other studies using cell counts, several report only total cells; these declined in rat heart cultures maintained without serum (Desmond and Harary, 1972) and increased in hamster cultures with BrdU, 0.1 mM (Coetzee et al, 1977) . MCs from the 5-day chick heart continued to divide in the presence of BrdU, 0.07 mM (Chacko and Joseph, 1974) . Clark (1976) was able to slow cell division by glutamine deprivation in chick heart cultures. Documentation of the BrdU effect required lowdensity cultures in which individual cells could be Parallel dishes from three preparations were studied on day 8. The BrdU-treated cultures were maintained from days 1 to 8 in medium previously conditioned either by empty dishes or by NMC or BrdU-negative cultures (see text). BrdU was not present after day 3. The control, BrdU-negative cultures were maintained as usual. Two thousand cells from 10 dishes were counted for percent striated MCs. The mean ± SE for the number of dishes in parentheses is shown for the isoproterenol responses. The two BrdU-treated groups are not different (P > 0.05) and neither is different from the day 8-treated cultures shown in Table 2 ; the values for both treated cultures are greater than those for the controls {P < 0.01).
reliably identified and counted, even in the control cultures. Optimum MC survival in these sparse cultures necessitated several modifications of existing techniques, particularly heparin prior to dissection, very gentle dissociation, use of DNase, short plating times, medium supplementation with trace metals and vitamin Bi 2 , avoidance of fetal calf serum, low bicarbonate concentration, and a small volume of culture medium with infrequent medium changes. The differential attachment technique (Hyde et al, 1969) was essential to reduce the initial NMC contamination. By 4 days, all living cells could be classified as myocardial or nonmyocardial by morphology and beating.
BrdU has been studied extensively because it inhibits the differentiated phenotype in a variety of cell systems, being substituting into DNA in competition with thymidine. (See reviews by Rutter et al., 1973; Goz, 1978) . Reduction of proliferation has also been noted, including that of the fibroblasts contaminating skeletal muscle cultures (Bischoff and Holtzer, 1970) . In our treated cultures, nuclear labeling with ! H-BrdU was consistent with a DNAdependent inhibition of NMC proliferation. Omission of BrdU after 3 days avoided NMC toxicity but did not result in later proliferation. The 13-23% nonlabeled NMCs define the nondividing fraction of that cell population. There was no inhibition of MC proliferation, because MC number did not increase in controls, at least through 8 days. The failure to document an increase in MC number is consistent with the observation of Kasten (1972) that cytokinesis is very rare in rat heart cultures, even though mitosis does occur.
Most of the MCs in the stable cultures were cross-striated, and the proportion was significantly greater than in proliferating cultures at 8 days. The cross-striations in living cells corresponded to paralel alignment of myofibrils with sarcomeres in register by electron microscopy. Cross-striated MCs have been uncommon in previous heart cell cultures and have never been quantitated, although electron microscopy has commonly shown randomly oriented myofibrils. This absence of parallel alignment of myofibrils has been demonstrated recently in intact cultured MCs by anti-myosin immunofluorescence (Kulikowski, 1981) . Lazarides (1980) has suggested that myofibril alignment is produced by intermediate filaments between adjacent Z bands. The stimulus for this alignment in culture is not apparent, because the cells beat in its absence. The appearance of cross-striations in our cultures was delayed for several days. Some of this delay may be accounted for by repair of trypsin-induced damage. In other reports showing single cross-striated cells, the cultures are typically older ones (Mark and Strasser, 1966; Kasten, 1972; Chacko and Joseph, 1974) . Overgrowth by NMCs before myofibrils can be synthesized and aligned is a possible mechanism for the absence of cross-striated cells in some cultures.
Since cells in the source ventricles were crossstriated, the appearance of striations in culture represents a return to the state of differentiation preexisting in vivo. T tubules, in contrast, do not develop before the rat's 2nd postnatal week in vivo (Hirakow and Gotah, 1976 ) but were present in our cultures from day-old hearts.
For the positive chronotropic response to isoproterenol, the EDso values were similar in BrdUtreated and control cultures, but the maximum response was significantly less in the controls. Studies in a variety of mammalian preparations, including intact dogs (Rockson et al., 1981) , swine (Buckley et al., 1979) , lambs (Nuwayhid et al., 1975) , and rodents (Adolph, 1971) , the cultured fetal mouse heart (Chen et al., 1979) , and isolated rat atria (Nukari-Siltovuori, 1977) have indicated that chronotropic responsiveness to isoproterenol increases during development. In many cases, the developmental change has been an increased maximum response, although some have found an age-related increase (Geis et al., 1975) or decrease (Seidler and Slotkin, 1979) in ED 50 . The mechanism for an increase in maximum response is unknown, but it may reflect maturation of some post-adenyl cyclase mechanism(s) (Rockson et al., 1981) .
We did not identify the cellular mechanisms mediating the lesser isoproterenol response or the loss of cross-striations in the control cultures. That the unknown changes were not a manifestation of MC injury is suggested by the similarities between treated and control cultures in MC numbers, baseline beating rates, proportion of striated cells on day 5, and general morphology. Furthermore, the MCs did not proliferate in either culture, excluding any postulated competition between proliferation and differentiation.
Although differentiation in treated and control cultures was qualitatively similar, in that MCs in both were cross-striated and responded to isoproterenol, it is important to emphasize that the quantitative expression of these myocardial characteristics was significantly different in the two cultures. Bissel has stressed the importance of quantity, in addition to simple presence of absence, in the study of differentiated structure and function in culture (Schwarz and Bissell, 1977; Bissell, 1981) . Attention to quantitative differences provides a tool to explore the regulation of differentiation. The choice of differentiation markers is important. Some measures (for example, total myosin or creatine kinase) may not be specific for MCs or may not distinguish, without cell counts, a change in MC differentiation from a change in the proportion of MCs. Our study avoided these problems.
The cellular environment in culture can modify the quantitative expression of differentiation (Schwarz and Bissell, 1977; Bissell, 1981) . We considered the differences in the environments of the two groups of MCs that might have induced the changes in differentiation we found. The cultures were prepared and maintained identically, except for the presence of BrdU during the first 3 days. Several observations argue against a direct effect of BrdU on MC differentiation in the treated cultures. First, the typical effect of BrdU is to inhibit the differentiated phenotype (see reviews cited above). Second, treated vs. control differences were present on day 8, 5 days and 2 medium changes after the last exposure to BrdU. Third, Chacko and Joseph (1974) have reported that BrdU does not change proliferation, beating, or morphology of cultured chick MCs, even when it is incorporated into DNA. Finally, autoradiography showed that only a small fraction of the MCs in our rat cultures had nuclear labeling with 3 H-BrdU. That BrdU might have an effect not dependent on its insertion into DNA is considered unlikely (Goz, 1978) .
On the other hand, BrdU eliminated NMC proliferation and thus was responsible for the major environmental difference between the two cultures, the one that most likely explains the differences in MC morphology and function. By what mechanisms could the excess, proliferating NMCs influence MC characteristics in the control cultures? Two possibilities could be excluded. The NMCs did not overgrow the MCs, and they did not measurably alter the bulk culture medium, as shown by the experiments with conditioned media. This latter observation is not surprising in view of the unchanged medium pH throughout the culture period and the very low cell numbers (at most 240,000 cells per 35-mm dish, with 50% or less of the dish surface covered with cells).
More subtle MC-NMC interactions can be postulated. Cells are thought to communicate either via molecules secreted into the intercellular fluid or via direct contact (either interaction of surface molecules or exchange of molecules or ions through channels in specialized junctions) (Loewenstein, 1980) . Altered MC electrical properties have been found in NMC-enriched cultures (p. 101), and such alterations might explain the differences in response to isoproterenol. Desmosomes, but not gap junctions, have been reported between MCs and NMCs (Hyde et al., 1969) ; we have not seen any specialized junctions in our cultures. Ciment and DeVellis (1978) have reported uncoupling of /?-adrenergic receptors from adenyl cyclase by a cell interaction in culture; this uncoupling was not reproduced by conditioned medium. Alternatively, the MCs might be desensitized by some NMC product, for example, cyclic AMP, a prostaglandin, or a polyamine (Ahumada et al., 1980; Clark et al., 1977; C16 et al., 1980) . The experiments with conditioned media do not exclude the presence of a labile compound, one that is excessively diluted in the bulk medium, or one that is lost or reduced in filtering.
MC-MC interactions may also be important. It has been reported that MCs release into the culture medium complex proteins that promote their own survival and beating (Gordon and Brice, 1974; Aonuma et al., 1978) . Our observations on the effect of plating density are consistent with this phenomenon. In prior reports, MC differentiation has been increased in multicellular preparations (Clark, 1976; Jones et al., 1978; Sperelakis, 1978) , in which higher MC densities may be accompanied by lower NMC densities (Blondel et al., 1971) . It is therefore possible that MCs condition their microenvironment in culture and that NMCs somehow interfere with this process, perhaps by degradation or binding of a macromolecule necessary for MC differentiation. Our experiments do not distinguish which of these possible mechanisms are operative, an NMC-MC interaction, or NMC interference with an MC-MC interaction. Our finding that control MCs were highly cross-striated when the isoproterenol response was reduced (day 4-5) is consistent with more than one mechanism. Further work is necessary to understand how NMCs might regulate MC differentiation.
In summary, we have shown that morphological and functional MC characteristics are different, depending on the presence or absence of proliferating NMCs. A variety of cell interactions can be postulated to explain these differences. It is important that measurements on MCs may vary in the same culture with time or between cultures from different laboratories, depending on the extent of NMC contamination. Whether similar cell interactions occur in vivo, for example in pathological conditions characterized by increased fibrous tissue, is a matter for speculation. We have not been able to exclude NMCs from our cultures, and the optimum or most physiological extent of contamination is not known. However, it is of interest that the fraction of NMCs in our treated cultures was 20-25%, similar to the normal volume fraction of interstitial tissue in the intact heart (Olivetti et al., 1980) . BrdU treatment of single cell cultures from the neonatal rat ventricle prevents NMC proliferation and thus avoids the problems mentioned earlier and shown by our data. The contribution of NMCs to a measured property of these cultures can be estimated using differential cell counts and measurements on parallel NMC cultures. A pure, stable population of well-differentiated MCs has not previously been available. This preparation offers considerable potential for myocardial cell biology, particularly for the investigation of time-related phenomena, such as growth, repair and aging. For example, we have measured the increase in surface area of individual MCs over several days in culture.
